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I. INTRODUCTION 



Electric dipole moments (EDMs) of neutral atoms, hadrons and leptons are flavor blind CP-odd observables which 
are recognized to be sensitive probes of physics beyond the Standard Model (SM). As is known, the SM predictions 
for these observables are at least 6-7 orders of magnitude below the current experimental limits. Thus an observation 
of EDMs at larger values would witness the presence of a non-SM source of CP-violation (CPV). Physics beyond 
the SM brings in new complex parameters and, therefore, new sources of CPV which may contribute to EDMs. In 
supersymmetric (SUSY) models, these parameters come from the soft SUSY breaking sector and the superpotential 
fi-teim and, if R-parity is not imposed, additional CPV phases appear from the R-parity violating trilinear and 
bilinear parameters. 

During the last few years significant progress has been achieved in experimental studies of various EDMs Q-Q- 
Presently there exist stringent upper bounds on the neutron EDM, d n , [2j and the EDM, dn g , of the neutral 199 Hg 
atom 

\d„\ < 3.0 x 1(T 26 e-cm, (1) 
\d Hg \ < 2.1 x 1(T 28 e-cm . (2) 

Recently it was also proposed to measure the deuteron EDM, dr>, in storage ring experiments £| with deuteron ions 
instead of neutral atoms. The advantage of these experiments is the absence of Schiff screening, which introduces 
significant uncertainties in the case of neutral atoms. This allows a direct probe of the value for do- In the near 
future it is hoped to obtain the experimental upper bound of 

\d D \ < (lH-3) x 1(T 27 e-cm . (3) 

The upper limits for the EDMs, derived from the above null experimental results, stringently constrain or even reject 
various models of CPV [5| . For the case of SUSY models with the superpartner masses around the electroweak scale ~ 
100 GeV — 1 TeV, these limits imply that the CPV SUSY phases are very small. Various aspects of the calculation of 
the EDMs within the popular versions of SUSY models with 0,0 and without [§1 IsL ITol ITTl [T^ R-parity conservation 
have been studied in the literature. 

In the present paper we are studying the EDMs of the 199 Hg atom and the deuteron as well as of the light 
baryons (nucleon and neutral hyperons A, E° and S°) in the framework of a generic SUSY model without R-parity 
conservation (# p SUSY) on the basis of the SU(3) version of chiral perturbation theory (ChPT) HE El Eg. We 
consider CP-violation in the hadronic sector originating from the quark chromoclcctric dipole moments (CEDMs) and 
CPV 4-quark effective interactions which are induced by the complex phases of the trilinear ]ft p -couplings A'. From 
the experimental bounds of Eqs. 0-101 we derive upper limits on the imaginary parts of the products of the trilinear 
^ p -couplings and compare these limits to the existing ones. On this basis we predict the values for the EDMs of the 
light neutral hyperons. We also discuss the prospects of the deuteron EDM experiments J3J from the view point of 
their ability to improve these limits. 



II. HADRONIC EDMS IN CHIRAL PERTURBATION THEORY 



Here we briefly outline the formalism we use for the calculation of the EDMs of the neutral 199 Hg atom, the deuteron 
and light baryons n, p, A, S° and S°. 

The 199 Hg is a diamagnetic atom with a closed electron shell. Its EDM is dominated by the nuclear CP-violating 
effects characterized by the Schiff moment Sjig, generating a T-odd electrostatic potential for atomic electrons. The 
199 Hg atomic EDM is given by E3 

d Hg = -2.8 x 10- 4 5tf 5 • far 2 . (4) 

The deuteron EDM is a theoretically rather clean problem E3 since the deuteron represents the simplest nucleus 
with a well understood dynamics. The corresponding EDM can be written as the sum of the three terms 

d D = d p + d n + d% N , (5) 

where d n , d p are the neutron and proton EDMs, respectively, and d^ N is due to the CP-violating nuclear forces. 

For the evaluation of the proton-neutron CP-odd nuclear term, d^ N and the Schiff moment Sag we are using a 
one-meson (it or 77) exchange model with CP-odd meson- nucleon interactions 0, E7L EM E^ | . 
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The baryon EDM d B is given by the value of the corresponding form factor at zero recoil, i.e. d B = -Db(O). The 
EDM form factor D B (Q 2 ) is defined in the standard way through the baryon matrix element of the electromagnetic 
current: 



1,F B (Q 2 ) + ^-o^q»Fl{Q 2 ) (6) 



W)\J^)\B{p)) = u n {p' 

- a^ v j 5 q u D B (Q 2 ) + ( ltl q 2 - 2 m N ?(U ) 7s A B (Q 2 ) 



.(P) : 



where, in addition, F B (Q 2 ) and F B (Q 2 ) are the well-known CP-even electromagnetic form factors and A B {Q 2 ) is the 
baryon anapole moment form factor. 

In what follows we evaluate the EDMs of li ght baryons, d n , d p , d\, d^o and e? H o on the basis of the SU(3) version 
of Chiral Perturbation Theory (ChPT) 0,0 U^- We use the Lagrangian of SU(3) ChPT of order 0(p) and restrict 
ourselves to the meson- loop diagrams given in Fig.l. As it is known and was discussed before in the literature (see e.g. 
Ref. 0), an accurate calculation of the baryon EDMs should also include the contribution of the unknown low-energy 
constants (LECs) which parameterize the short-distance effects and remove the ultraviolet divergences. However, 
we assume that at the level of accuracy necessary for the analysis of the lfi p SUSY in hadronic EDMs the one-loop 
meson-cloud approximation is adequate. 

The CP-conserving vertices of the diagrams in Fig.l correspond to the terms of the ChPT Lagrangian which is 
given by the sum of leading meson and meson-baryon pieces: 

C = |( V "+X + ) + (B(ip-m B )B) + ^{BnHu^B}) + -(B-yVM) 

where D = 0.80 and F — 0.46 are the baryon axial coupling constants, m B is the baryon mass in the chiral limit, the 
symbols (...), {■ • ■} and [. . .] denote the trace over flavor matrices, anticommutator and commutator, respectively. 
We use the standard notation for the basic blocks of the ChPT Lagrangian 0] where 



U = u z = exp(iPV2/F 7T ) (7) 

is the chiral field collecting pseudoscalar fields V in the exponential parametrization with F v = 92.4 MeV being 
the octet leptonic decay constant, denotes the chiral and gauge-invariant derivative, — iu> D^JJu* , x± = 
u [ x u ^ ± ux'u, x = 2i?(s + ip), s = M. + . . . and M — diag{m„, m,d, m s } are the charge and the mass matrix of 
current quarks, respectively; B is the quark vacuum condensate parameter. The explicit form of the octet matrices 
of pseudoscalar mesons P and baryons B can be found e.g. in Refs. 0,Qi^3- I n our analysis we take into account 
7T° — 77 meson mixing [l3| with the corresponding mixing angle e given by 

tan2 £ = 4 (8) 
2 m s — m 

where rh = (m u + m,d)/2. In the numerical calculations we use the standard set of current quark masses: m u — 
5 MeV, raid — 9 MeV and m s = 175 MeV. For the pion and kaon masses we use the values of the charged mesons: 
M ff = M n ± = 139.57 MeV and Mx = M K ± = 493.677 MeV. For the baryon masses we use the universal parameter, 
the value of the octet baryon mass in the chiral limit, which for convenience is identified with the proton mass: 
m B — m p — 938.27 MeV. Note that the Lagrangian J7J) generates the CP-even meson-baryon, photon-meson and 
photon-baryon coupling. 

The CP-odd meson-baryon Lagrangian has been derived in Ref. where one can find its complete form. Here we 
explicitly only show the CPV pion-nucleon terms: 

L G mbb - 9mbbBMB = N^g ( °l N 7Tf + g^ N n° + gf NN ^7 - 3^°r 3 )| N + ... (9) 
where g^ N , ff^vjv an< ^ ffrrjvjv are the corresponding isoscalar, isovector and isotensor coupling constants. 
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III. EDMS IN IjLp SUSY: QUARK LEVEL 



The effective CP-odd Lagrangian in terms of quark, gluon and photon fields up to operators of dimension six, 
normalized at the hadronic scale ~1 GeV, has the following standard form: 

C CPV = -^iHG^G^)- 1 - ]T diQia^^eF^qi (10) 

i=u,d,s 

- \ E * *^75 9sG%T a q% - l -C w f abc Gl a Gl a G c pa e^\ 

i—u : d.s 

where is the gluon stress tensor, G pL/ = ^e llv<jp G' 7p is its dual tensor, and T a and f abc are the SU(S) generators 
and structure constants, respectively. In this equation the first term represents the SM QCD #-term, while the last 
three terms are the non-renormalizable effective operators induced by physics beyond the SM. The second and third 
terms are the dimension-five electric and chromoelectric dipole quark operators, respectively, and the last term is the 
dimension-six Weinberg operator. The light quark EDMs and CEDMs are denoted by di and di, respectively. In what 
follows we adopt the Peccei-Quinn mechanism, eliminating the 8-tevm. as an independent source of CPV. 
We also consider the 4-quark CPV interactions of the form [20L l2l| 

C Z PV = E {'''>,</. "</,'-m/J + C^qia^q^ia^qA , (11) 

i,3 

where the sum runs over all the quark flavors i, j — u,d, s, c, b, t. The operators of the above Lagrangians in Eqs. Hl()(l - 
(|ll|l can be induced by physics beyond the SM at loop or tree level after integrating out the heavy degrees of freedom. 

Here we are studying the CPV effects in the hadronic sector induced by the trilinear interactions of IfL v SUSY 
models. The corresponding part of the i? p -violating superpotential reads: 

wq, = K J ,i.,Q l m , (12) 

where the summation over the generation indices k is understood, L, Q and D° are the superfields of lepton- 
sleptons, quarks-squarks and CP-conjugated quarks-squarks, respectively, and A£ - fc are the complex coupling constants 
violating lcpton number conservation. Eq. I|12l) results in the interactions 

Cx> = - Kjk ( ^J k P L d j + d jL d k P L v z + d kR lP R ^ - l L d k PLU 3 - u ]L d k P L l - d kR u ] P R l'; ) + H.c. (13) 
withP L , fi = (1T75)A 

The interactions of the Lagrangian (|13|) generate the terms in the effective CPV Lagrangians I|1U|) and (jllfl at 
certain orders in the A'-couplings. It is straightforward to derive the corresponding contribution to the 4-quark 
contact terms (|11|) . It arises from a tree level contribution induced by sneutrino (v) exchange given by 



with 



AT = + W 6 )] ( d ^ d ) ( 14 ) 

n P _ I m (^22^1l) n P _ I m ('M33'Mll) t^r\ 

2m-,., ^— ' 2<m~,-s 

i i v{i) 

where is the sneutrino mass. Note, that the four-quark term involving only ci-quarks is absent in (|14|) due to 
MA^Afn) = 0. 

The interactions of the Lagrangian \1'6\ generate the quark EDMs, d q , and CEDMs, d q , starting from 2-loops [9L ITo| 
and the dominant ^-contributions are of second order in the A'-couplings. It was shown in Ref. [T(| that the up-quark 
EDM and CEDM are suppressed by the light quark mass and mixing angles, which, therefore, can be neglected. The 
quark EDMs are irrelevant for our study based on the pion-exchange model with the interaction Lagrangian We 
also do not consider the Weinberg term, which does not appear at the order of 0(A' 2 ) unlike the quark CEDMs and 
4-quark contact terms. In our analysis we use for the d-quark CEDMs the 2-loop result of Ref. QjJ. The dominant 
contribution coming from the virtual b-quark takes the form: 

d k = 6.2 x KT^GeV- 1 ) ^MKizKii) F MM , (16) 
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where k — 1, 2 and d\ = dd, c?2 = d s . The scaling factor J 7 originates from the loop integration and can be written as 



Hr) 



F(r) 
F(t 3QQ ) 



F(r) 



\ + 2 + lnr + (lnr) 2 



(17) 



where r 30 o = (m{,/300 GeV) 2 and = 4.5 GeV. For convenience the scaling factor T is normalized as J-ir^) = 1 
which corresponds to = 300 GeV. 



IV. EDMS IN ty v SUSY: HADRONIC LEVEL 

In order to link the CP-violation at the quark and hadronic levels we have to relate the parameters of the Lagrangian 
in Eq. © to the quark CEDMs, d q , and the CPV 4q-couplings Cfy Towards this end we apply the standard matching 
of the quark-level l|lU[l - i|ll|) and hadronic-level 10 Lagrangians. This allows us to express the CP-odd meson-baryon 
couplings in terms of the quark CEDMs Q and the CPV 4q-couplings CK as 



-(0) 

9-knn 



-ID 



-(2) 

9-knn 



(uu — dd) e 



2F„ 3V3 



(Au-Ad), g K +7 



(uu + dd) ( e \ (ss) 4e 
<A U - A d = (A u + A d ) > + - — - -= A a 

M 2 

F^ d {Cf d {ss) + Cabb)) , 



(ss — dd) 
2FL 



(A u + A s ) , 



(18) 

(19) 
(20) 



If the Peccei-Quinn (PQ) symmetry is imposed the parameters A q are expressed through the quark CEDMs d q as 



A q = -0.27d 9 GeV. Here (qq) 



{uu) 



- (pIqqIp) are the scalar quark condensates in the proton 
3.5, (dd}=2.8, (ss) = (0.64^-3.9), (66) = 9 x 10~ 3 



(21) 



Note that the values of strange and bottom condensates in the nucleon are subject to significant uncertainties. In our 
analysis we use the estimates from Refs. j^E^. For the value of (ss) we indicate the interval according to Ref. [22l |. 
For (66) we only need an order of magnitude estimate since it is associated with the subdominant term not essential 
for our analysis. 

Now we are in the position to calculate the diagrams which contribute to the baryon EDMs (see Fig.l). The 
calculation of the Feynman diagrams in Fig.l is straightforward and discussed before e.g. in Refs. [Til Il5j|. The 
diagrams in Fig. la and lb contribute to the chiral logarithms |24j . the constant terms plus higher-order terms which 
can be neglected in the chiral expansion: ~ [log(ms/Mp) — l + 0(Mp)]. The diagrams in Fig.lc and Id are dominated 
by the constant terms in the chiral expansion: ~ [l + 0(Mp)]. Finally, the diagrams in Fig.le and If cancel each other. 
For the neutral baryons (n, A, S° and S°) both sets of diagrams in Fig. la, b and Fig.lc,d contribute in such a way 
that the constant terms cancel each other. This is not the case for the EDMs of charged baryons where both chiral 
logarithms and constant terms give a non-trivial contribution. In the case of the neutron EDM the leading-order 
contributions of the diagrams in Figs.la,b and Figs.lc,d in terms of CP-even and CP-odd meson-baryon coupling 
constants are 0: 



^l(a+fc) _ &9^NN9t:NN 

n 47r 2 m s 



1 mB 1 



e-9KNT.9K+nY,- 



4tt 2 



m B 



log 



m B 

m7 



1 



(22) 



and 



^l(c+d) _ e 9^NN9-KNN _ CgKNWK+nY,- 

4TT 2 mB 47r 2 ms 



(23) 



where 



9kNN = -zr- (D + F), 

_ _(0) . -(2) 
9nNN — 9-rrN N + 9kNN ■ 



9knx = 1 ^-(D-F), 



(24) 
(25) 
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The complete result for the neutron EDM is: 

, ^9ttNN9tvNN , m B , &9KNY,9K+n'E- , m B , na ^ 

d " = ^m B bg M; + A^m B l ° S W<- (26) 

Substituting the expressions of the baryon-meson couplings Eqs. (I18|) - (I20[1 in terms of the parameters of the ChPT 
Lagrangian and quark CEDMs Q we have 

dn=P d+ d c~ d (D + F) log^g + /3 d+ a c ds (D - F) logg (27) 

where 2 = d qi ± d q2 , c^ i(?2 = (qiqi ± 9292) and (3 — 0.27e/(87r 2 F 2 ). In Eq. (|27>|> we neglected the pion-eta meson 
mixing (e = 0). 

In a similar way we calculate the EDMs of other baryons. Here we indicate the final results of these calculations: 
d P = ~Pdt d c- d {D + F)\og^- - (3dtA Fc us + f (c- d -c^)]log^ 
+ ^du[D(5c- d + c+) + 3F (2c" d + 2c" + c+ ) ] 
+ ^d d {D(5c- d -5c ds -2c+ s ) + 3Fc- s } 

+ [D (c+ - bc ds ) + 3F (2c- + 2c ds - c+ ) ] , (28) 

= -d S c = I d+ [ D c- + F(c~ d - c- ) ] log^J , (29) 
= /? c d " (£> - F) log^g + J+ c- d (.D + F) log-^ . (30) 

As it is known |7j the proton and neutron contributions to the deuteron EDM cancel out in leadingorder of the chiral 
expansion in the SU(2) version of ChPT 25]. However it does not hold in the SU(3) extension 0] . Therefore, the 
contribution of the strangeness sector to the deuteron EDM becomes important. Note, in the final expressions for 
the neutron and proton EDMs, Eqs. (|27Jl . 127JI . we disagree with the results of Ref. by a factor 2. We discuss this 
issue in Appendix. 

The deuteron EDM also receives a contribution from P- and T-odd proton-neutron forces generated by it- and 
ry-meson exchange between two nucleons with one CP-even and one CP-odd vertex. With the corresponding potential 
one can calculate the d^ N term in Eq. JSJ as the expectation value of er/2, where r is the relative proton-neutron 
coordinate. In this way one obtains the following result 0,0]: 

jNN _ eg^NNg^NN 1 + £ /o-n 
YlTtm-K (1 + 2£) z 



where £ = \/MnEb jra^ and Eb = 2.23 MeV is the deuteron binding energy. Expressing the CP-even and CP-odd 
pion-nucleon couplings in terms of the CEDMs and parameters of the chiral Lagrangian we get: 



jNN 



lb 



Mr,?- „+ 



4 £ 7 , N 

+ -^ds{ss) 



lb 2) [C^(ss)+C[ d (bb)\ 



(32) 



where 



0.13 (F + D) 



ems 



2AttM^F3 



(2) 

Id 



0.48 [F + D] 



em b Mir 
2A r Kmd 



(33) 



Recently, the Schiff moment Sn g jlflf has been calculated within a reliable nuclear structure model which takes full 
account of core polarization on the basis of the P- and T-odd one-pion exchange potential. Note that in Ref. Q it 
was shown that the contribution of the eta-meson exchange to the Schiff moment is suppressed by a factor 10 -3 with 
respect to the pion exchange. The result for the Schiff moment, taking into account a finite range interaction and the 
core polarization effect is 



S Hg = - 0.055 g vNN {0.0073^ 



-o (1) 

9ttNN 



0.16^} e • fm 3 



(34) 
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Therefore, only the isovector channel is sufficient for the evaluation of the Schiff moment |7J,ll9(- In terms of the quark 
EDMs and ChPT parameters the latter is given by 

Sh 9 * {l ( H ] g [d- ud c + ud + ^l(88)]-^ g [CZ(a8)+C&(fr)]} e-fm*, (35) 

where 

7 g = 0.015 (F + D)%L, 7 g = 0.055 (F + D)^. (36) 



V. CONSTRAINTS ON $ p SUSY FROM HADRONIC EDMS 

Let us summarize the formulas for the considered hadronic EDMs in terms of the trilinear $ p -couplings. Using 
Eqs. (Jljl, ©i H27fl - I|30|) . EH an d (|35|> we get the following expressions with numerical coefficients: 

d P = -fO- 20 xW^}M [(1.67 -2.21) Im(^33Ar n ) + (0.23 - 0.48) Im(A^ 33 Af 22 )] e-cm, (37) 
d n = 10- 20 xW^-) [0.82Im(^ 33 Af 11 ) + (-0.12- 0.23) MKzA)] e-cm, (38) 
d Hg = lCT 23 xW^L ) [n.4Im(A: 33 Ar n ) + (0.28- 1.62) Im(A^ 33 A'; 22 )] e-cm 



(0.90- 5.49) x 10~ 23 ImfA'^A'?,) e-cm, (39) 



,_ 23 / 300GeVV 

d D = 10- 20 x ? ( -7- ) [(11.79 - 12.34) Im(^ 33 Af u ) + (-0.41 - 0.03) Im(A' i33 Af 22 )] e • cm 

,0.4-2.:,) :+ ^{SOOGeVV im^A^) e - cm , (40) 

""Hi) J 



d A = -d s o = (0.08- 0.25) xl0" 2O J r ^- Im(Ai 33 A-; 2 ) e-cm, (41) 

V"'- 0/ 

d 3 o = 10- 20 ^(^) [(-0.35 - 0.69) Im(A; ;33 Ar n )+ 0.28 Im(A^ 33 Ar 22 )] e-cm. (42) 

\ m u(i)J 

In the above equations the summation over i = 1,2,3 is implied. The uncertainties in the coefficients are due to the 
variation of the strange quark sea in the proton. Note that the contribution from Im(A^ 22 A^ 1 ) appears solely via the 
4-quark CPV interactions l|14fl . 

Comparing Eqs. (|38|l and l|39|) with the corresponding experimental bounds Eqs. Q and @ we derive constraints 
on the imaginary parts of the products of I/i p -couplings given in Table I. In the last column of Table I we also 
show for comparison the existing limits on [A^A^I, |A^ 22 A^ 1 | and |A^ 33 A^ 22 | |2f|. It is seen that the presently most 
stringent limits on |Im(A^ fc A^*i)|, |Im(A£ 33 A^ 22 )| come from the 199 Hg atom EDM J5J). The forthcoming experiments 
on the deuteron EDM © are going to improve these limits by about one to three orders of magnitude. Note, that 
we obtained about 1-order of magnitude improvement for the limit |Im(A^ 33 A^-j^ ) | < 1.2 x 10~ 5 previously derived in 
Ref. lQj from the neutron EDM constraint on the basis of the SU(6) quark model. The existing limits on the 
absolute values of the corresponding products do not exclude the values of |Im( A^ fefe A^* x ) j , |Im(A- 33 A- 22 )| within the 
limits derived from EDMs. Using the limits from Table I we can predict on the basis of Eqs. I|41|l . (|42|) for the EDMs 
of neutral light hyperons the following upper limits: 

\d\\ - |d E o| < 1.9 x 10~ 25 e • cm, |d H o| < 2.4 x 10" 25 e • cm 



which might have some future phenomenological implications. 
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VI. SUMMARY 



We have studied the contributions of the trilinear Ijl p -couplings to the EDMs of 199 Hg atom, deuteron, nucleon 
and neutral hyperons within the SU(3) ChPT, applying the meson-exchange model of CPV nuclear forces. We have 
analyzed the ^-contributions via the d-quark CEDM and CPV 4-quark interactions. We have shown that the latter 
contribute only to the nuclear EDMs via the CPV nuclear forces and are irrelevant for the EDMs of the nucleon 
and neutral hyperons. We have also found that these two mechanisms give rise to a dependence of the hadronic 
EDMs proportional to different A'-couplings. Therefore, taking into account both mechanism allows one to obtain 
a complimentary information on the imaginary parts of the products of the A'-couplings. The corresponding upper 
limits from the null experimental results on measurements of the above mentioned hadronic EDMs are given in Table 
1. On the basis of the derived constraints on the trilinear ^ p -couplings we have given predictions for the EDMs of 
neutral hyperons which might have some phenomenological implications in future. 

We have also demonstrated that the present limits from the 199 Hg EDM experiments are by a factor ^6 more 
stringent than those from the experiments on the neutron EDM and that the planned storage ring experiments with 
the deuterium ions would be able to significantly improve these limits. 



VII. ACKNOWLEDGMENTS 



This work was supported in part by the FONDECYT project 1030244, by the DFG under the contracts FA67/31-1 
and GRK683. This research is also part of the EU Integrated Infrastructure Initiative Hadronphysics project under 
the contract number RII3-CT-2004-506078 and President grant of Russia "Scientific Schools" No 5103.2006.2. 



APPENDIX A: ON NEUTRON AND PROTON EDMS 



As we mentioned in Sec. IV our final expressions, Eqs. (|27|l . (|28|l . for the neutron and proton EDMs disagree with 
the results of Ref. [7] by a factor of 2. In order to check these results we compare them with the well known result of 
chiral perturbation theory in the two-flavor scheme, involving only pion loops. In this case all chiral approaches (see 
Refs. [Smi and |3) give the same model-independent expression for the leading order neutron and proton EDMs 
in the chiral expansion, the so-called "chiral logarithm". Neglecting kaon loops in our formulas Eqs. (|27(l . (|28|l we 
reproduce the result of the chiral approaches: 

d " = - d v= 4^ l0g ^- (M) 
On the contrary, the result of Ref. Q given in their Eq.(50) 

f> _ ffl 

d - = = J^i ( D + F ) ^ + A *) «««> - W) ( A2 ) 



differs from this formula by a factor 2. Indeed, using the expressions for g^NN and g^ 



NN- 



in,, , , //// - (dd) 



litN N = {D + F)'-^, cjirNN = (An + A d ) ATZL^m (A3) 



one can rewrite Eq. i|A2(l in the form 



2ir z m p 



which disagrees with Eq. IjAlfl by the factor 2 in the denominator. 
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TABLE I: Upper limits on the imaginary parts of the products of the trilinear -couplings derived from the experimental 
bounds on the EDMs of the neutron Q, the neutral 199 Hg atom and the deuteron The existing constraints from other 
experiments on the absolute values of the corresponding products of $ p -coupling are taken from Ref. |2(1 . The scaling factor 
T is defined in Eq. 11711 and takes the values T = 1, 0.34 and 0.15 for mc, = 300 GeV, 600 GeV and 1 TeV, respectively. 



Couplings 


d n [lj 


d Hg [3J 


d D [4] 


Existing limits f26] 




) 


< 3.6 x 10~ 6 


< 1.8 x 10~ 6 


< (0.8-7-2.5) x 10~ 8 


|A' 133 A' 111 |<4.5xlO- 5 
|A' 2 33A' 211 j < 5.4 x 10" 3 
IA333A3X1I < 1.3 x 10 3 


NA; 22 A^)i-(^f) 


i 




< (0.4-5-2.3) x 10 -5 


< (0.4-5-7.5) x 10" 7 


|Ai 22 A' m | < 4.5 x 10" 5 

IA222A211I 5: 1-3 X 10 3 
A322A311 < 1.3 x 10 3 




) 


< (1.3-5-2.5) x 10" 5 


< (1.3-5-7.5) x 10" 5 


< 2.4 x 10" 7 


A' 133 A' 122 < 4.0 x 10" 5 
IA233A222I — 2.5 x 10 3 
IA333A322 < 3.0 x 10 3 
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FIG. 1: Meson-loop diagrams contributing to the EDMs of baryons. Solid, dashed and wiggly lines refer to baryons, pseudoscalar 
mesons and electromagnetic field, respectively. A CP-violating vertex is denoted by a black filled circle. 



